The TGF-␤ signaling pathway is a key organizer of injury and immune responses, and recent studies suggest it fulfills critical roles in CNS function and maintenance. TGF-␤ receptor activation results in phosphorylation of Smad proteins, which subsequently translocate to the nucleus to regulate gene transcription by binding to Smad binding elements (SBE). Using SBE-luciferase reporter mice, we recently discovered that the brain has the highest Smad baseline activity of any major organ in the mouse, and we now demonstrate that this signal is primarily localized to pyramidal neurons of the hippocampus. In vivo excitatory stimulation with kainic acid (KA) resulted in an increase in luciferase activity and phosphorylated Smad2 (Smad2P), and nuclear translocation of Smad2P in hippocampal CA3 neurons correlated significantly with luciferase activity. Although this activation was most prominent at 24 h after KA administration in neurons, Smad2P immunoreactivity gradually increased in astrocytes and microglial cells at 3 and 5 days, consistent with reactive gliosis. Bioluminescence measured over the skull in living mice peaked at 12-72 h and correlated with the extent of microglial activation and pathological markers of neurodegeneration 5 days after injury. Treatment with the glutamate receptor antagonist MK-801 strongly reduced bioluminescence and pathology. These results show that Smad2 signaling is a sensitive marker of neuronal activation and CNS injury that can be used to monitor KA-induced neuronal degeneration. This and related mouse models may provide valuable tools to study mechanisms and treatments for neurodegeneration.
The TGF-␤ signaling pathway is a key organizer of injury and immune responses, and recent studies suggest it fulfills critical roles in CNS function and maintenance. TGF-␤ receptor activation results in phosphorylation of Smad proteins, which subsequently translocate to the nucleus to regulate gene transcription by binding to Smad binding elements (SBE). Using SBE-luciferase reporter mice, we recently discovered that the brain has the highest Smad baseline activity of any major organ in the mouse, and we now demonstrate that this signal is primarily localized to pyramidal neurons of the hippocampus. In vivo excitatory stimulation with kainic acid (KA) resulted in an increase in luciferase activity and phosphorylated Smad2 (Smad2P), and nuclear translocation of Smad2P in hippocampal CA3 neurons correlated significantly with luciferase activity. Although this activation was most prominent at 24 h after KA administration in neurons, Smad2P immunoreactivity gradually increased in astrocytes and microglial cells at 3 and 5 days, consistent with reactive gliosis. Bioluminescence measured over the skull in living mice peaked at 12-72 h and correlated with the extent of microglial activation and pathological markers of neurodegeneration 5 days after injury. Treatment with the glutamate receptor antagonist MK-801 strongly reduced bioluminescence and pathology. These results show that Smad2 signaling is a sensitive marker of neuronal activation and CNS injury that can be used to monitor KA-induced neuronal degeneration. This and related mouse models may provide valuable tools to study mechanisms and treatments for neurodegeneration.
TGF-␤ ͉ kainic acid ͉ gliosis T he TGF-␤ superfamily of proteins, including TGF-␤s, activins, and bone morphogenic proteins (BMPs) control cellular processes ranging from patterning and differentiation to proliferation and apoptosis, and they have been implicated in brain injury and neurodegeneration (1, 2) . TGF-␤s activate the TGF-␤ signaling pathway through a high-affinity transmembrane receptor complex consisting of the TGF-␤ type I (ALK5) and type II serine/threonine kinase receptor subunits (2, 3) . TGF-␤ binding leads to phosphorylation of ALK5 and recruitment and phosphorylation of receptor-regulated Smad2 or Smad3. Once phosphorylated, these Smads associate with Smad4 and translocate into the nucleus where they can bind to Smad binding elements (SBE) in the DNA to regulate gene transcription (3) . Activins, nodal, growth and differentiation factor (GDF)-8/myostatin, GDF-9, and GDF-11 signal also via Smad2/3 and Smad4 proteins by engaging activin receptors or ALK5 (3) (4) (5) (6) (7) . In contrast, BMPs recruit Smad1, Smad5, and Smad8 in combination with Smad4 after binding to BMP type I and type II receptors (2, 3) . Because of their distribution and expression patterns, TGF-␤ and activins are likely the main activators of Smad signaling in the brain.
Three TGF-␤ isoforms (TGF-␤1, TGF-␤2, and TGF-␤3) have been described in the nervous system. Under normal conditions, TGF-␤1 appears restricted to meningeal cells, choroid plexus epithelial cells, and glial cells, whereas TGF-␤2 and TGF-␤3 are expressed in both glia and neurons (8) . TGF-␤1 plays a central role in the response to brain injury and has been implicated in a number of disorders of the CNS, including stroke (9), Parkinson's disease (10), Alzheimer's disease (11) , and brain tumors (12) . Increased TGF-␤1 expression is found in neurons after ischemia (13) and in Alzheimer's disease (14) . Up-regulation of activin also was observed after stroke-induced (15) and kainic acid (KA)-induced excitotoxic injury (16) , and activin was found to be of neuronal origin. Mice deficient in TGF-␤1 show increased neuronal apoptosis and susceptibility to degeneration (17) . Together, these studies underline the importance of TGF-␤s and activin in normal CNS function and in response to disease and injury. However, it is unknown which cells in the brain respond to TGF-␤ signals and how signaling levels and patterns change in response to injury over time. Such knowledge is critical for our understanding and possible therapeutic targeting of this pathway in disease.
To monitor activation of the TGF-␤ signaling pathway in vivo, we recently have developed transgenic reporter mice, which contain a luciferase reporter gene fused to a promoter with multiple SBE (18) . These mice showed highest basal Smaddependent signaling in the brain, but we did not determine the cellular origin of this signal. Using bioluminescence imaging, we also demonstrated prominent reporter gene activation in the gut and the brain after treating the mice with lipopolysaccharide (LPS), and we were able to monitor gene activation in living mice over time (18) . Bioluminescence has been used increasingly to monitor and quantify gene activity repeatedly in the same animal and has been used to study disease progression in peripheral organs with great success (19, 20) . Bioluminescence imaging is quantitative and can faithfully report gene activation if appropriate fusion gene constructs are used (21, 22) . Therefore, monitoring activation of an injury-responsive gene by bioluminescence imaging could provide valuable information about injury severity and disease progression.
Here, we demonstrate that Smad signaling is constitutively activated in hippocampal pyramidal neurons in mice and that neurons prominently increase Smad2 signaling after excitatory stimulation with KA. Three days after administration of this excitotoxin, glial cells showed increasingly activated Smad2 signaling. Bioluminescence imaging in living SBE-luc mice correlated with microglial activation and neurodegeneration after excitotoxic injury.
Results

Basal Smad2
Signaling in CNS Neurons. Studies in reporter mice for the TGF-␤ signaling pathway showed that basal signaling is highest in the brain of all major organs (18) , consistent with an important homeostatic function of this pathway in the CNS. To localize this signaling activity, we dissected brains of 2-month-old SBE-luc mice (line T9-7F) into different brain regions. Biochemical measurements of luciferase activity showed by far the highest signal in the hippocampus and lower signals in the neocortex and thalamus (Fig. 1A) . In agreement with these biochemical measurements, bioluminescence imaging of coronal brain slices of SBE-luc mice showed that photons were emitted mainly from the hippocampus, in particular from the subiculum and the distal portion of the CA1 subfield (Fig. 1B and Fig. 5 , which is published as supporting information on the PNAS web site). Similar results were obtained in 7-day-old mice (line T9-55F), which had Ͼ10 times higher basal luciferase activity in the hippocampus compared with other brain regions (Fig. 6 , which is published as supporting information on the PNAS web site).
To determine in which CNS cells the TGF-␤ signaling pathway is activated, we used two different antibodies raised against the activated, phosphor ylated form of Smad2 (Smad2P) (23, 24) . Interestingly, Smad2P was localized predominantly to neurons and, in agreement with the biochemical and bioluminescent data, to hippocampal pyramidal neurons ( Fig. 1C and data not shown) . Scattered large pyramidal neurons in layer 4 of the neocortex also showed Smad2P immunoreactivity, but little or no signal was detected in astrocytes or microglia throughout the brain (data not shown). In contrast, in vivo administration of the glutamate receptor agonist KA resulted in a widespread increase in Smad2P, with a translocation from the cytoplasm to the nucleus, as shown in CA3 pyramidal neurons (Fig. 1D) . Again, the signal was restricted largely to neurons ( Fig. 1 E and F) . Relative intensity of Smad2P immunostaining in CA3 neurons of the hippocampus of KA-treated SBE-luc mice correlated positively with luciferase activity measured in hippocampal homogenates from the opposite hemibrain (R ϭ 0.85, P ϭ 0.002, n ϭ 10 mice, linear regression analysis). We also tested several antibodies from commercial or academic sources against Smad3P, but they all cross-reacted with Smad2P or were otherwise nonspecific. Our results demonstrate that Smad2 signaling is activated prominently in the brain in response to neuronal injury, notably in hippocampal neurons that are known to be susceptible to excitotoxic injury (25) . The results also validate SBE-luc mice as a model to study Smad signaling by showing that luciferase activity correlates with endogenous Smad2 phosphorylation.
To confirm that neurons can indeed respond directly to Smad2 and TGF-␤ signals, we cultured primary neurons from brains of SBE-luc mice. Treatment with recombinant TGF-␤1 resulted in a clear increase in luciferase activity ( Fig. 2A ). In addition, transient transfection of Neuro-2a mouse neuroblastoma cells showed that Smad2 in combination with Smad4, although less potent than Smad3/4, was able to induce activation of a SBE- luciferase reporter gene (Fig. 2B) . Western blot analysis also demonstrated that neuroblastoma cells express Smad2 (Fig. 2C) . Thus neurons can be stimulated directly with TGF-␤s to activate Smad2.
Glial Activation of Smad2 Signaling in Response to Neuronal Injury.
Although Smad2 signaling in untreated mice or 24 h after KA treatment was predominantly neuronal (Fig. 1 C-F) , we wanted to determine whether this expression pattern changes in response to neuronal injury. KA causes excitotoxicity by inducing an excessive activation of glutamate receptors and subsequent Ca 2ϩ influx in neurons. The resulting neuronal injury causes an inflammatory response and oxidative stress that amplifies neuronal degeneration and death (26) . Excitotoxicity has been postulated to be responsible not only for neuronal loss associated with seizures, traumatic and ischemic brain injury, and hypoxia (27) but also for neuronal damage in Alzheimer's disease and other neurodegenerative disorders (25) .
Cresyl violet staining confirmed the progressive degeneration of neurons 1-5 days after KA administration in CA pyramidal neurons of the hippocampus, hilar neurons, and, eventually, granule cells of the dentate gyrus (Fig. 3A) . Along with this degeneration, glial cells are activated. Although microglia show some activation at 1 day around CA3 pyramidal neurons, more prominent activation of microglia and astrocytes is detected at 3 and 5 days (Fig. 3 A and B) . Interestingly, activated astrocytes and, to a lesser extent, microglia show prominent Smad2P immunoreactivity at these later stages. At the same time, the neuronal signal, which peaked at 24 h, decreases in intensity and, because of neuronal loss, in abundance ( Fig. 3 A and B) . Together, the Smad2P signal appears to correlate with the relative gliosis and neuronal damage over time.
Noninvasive Imaging of Neuronal Injury in Living Mice and Correlation
with Pathology. To test whether Smad signaling could be used as a surrogate marker to estimate gliosis and neuronal injury in this model, we measured bioluminescence in living SBE-luc mice treated with KA. An i.p. injection of luciferin into SBE-luc mice resulted in detectable emission of photons over the skull, and this signal increased in KA-treated mice (Fig. 4A) . The signal, which originated almost exclusively from brain tissue (Fig. 7 , which is published as supporting information on the PNAS web site), increased severalfold 12 h after KA treatment and remained elevated until it decreased 4-5 days later (Fig. 8 , which is published as supporting information on the PNAS web site). Neuropathological analysis of mice 5 days after KA treatment showed consistent loss of hippocampal CA neurons and gliosis although considerable differences in the extent of damage were observed between individual mice (Fig. 4A , two mice with different extent of damage and corresponding luciferase activity are shown). Notably, the relative increase over baseline in bioluminescence signals at 5 days correlated strongly with postmortem microgliosis (Fig. 4B and Fig. 9 , which is published as supporting information on the PNAS web site), consistent with a relationship between Smad2P immunostaining and microglial activation in this model (Fig. 3A) . In a second independent experiment, we lesioned mice from line T9-55 with KA and found a similar, highly significant correlation between microglial activation and reporter gene activation measured as bioluminescence (R ϭ 0.90, P Ͻ 0.0001, n ϭ 11 mice, linear regression analysis; Table 2 , which is published as supporting information on the PNAS web site).
Similarly, loss of hippocampal neurons measured by cresyl violet staining (Fig. 4A and Fig. 10 , which is published as supporting information on the PNAS web site) or general neuronal damage measured by silver impregnation correlated strongly with bioluminescence (Table 1 and Fig. 11 , which is published as supporting information on the PNAS web site). In addition, several other markers of neuronal and synaptodendritic integrity, including NeuN (Fig. 12 , which is published as supporting information on the PNAS web site), MAP-2 ( Fig.  4A) , synaptophysin, and calbindin, which frequently are used to assess neurodegeneration in a number of diseases and animal models (28-31), showed highly significant inverse correlations with bioluminescence at 5 days ( Table 1 ), indicating that Smad signaling is a sensitive marker of neuronal injury and damage. Similar correlations between bioluminescence and neurodegeneration also were obtained in line T9-55F (Table 2) .
To demonstrate the specificity and potential use of Smaddependent bioluminescence imaging to monitor neuronal injury, we treated SBE-luc mice with MK-801, an anticonvulsant drug that antagonizes NMDA receptor signaling and the effects of KA (32) . MK-801 treatment completely prevented KA-induced activation of the SBE-luc gene and induction of bioluminescence (Fig. 4C) , and neuropathological analysis revealed minimal neurodegeneration (Fig. 4D ) and microgliosis (data not shown).
Discussion
The present study demonstrates that neurons constitutively signal through Smad2 proteins in the hippocampus and that Smad2-dependent signaling increases after excitatory stimulation first in neurons and subsequently in glial cells. This signaling can be imaged noninvasively in living SBE-luc reporter mice in the form of bioluminescence emitted from the skull. Importantly, bioluminescence signals from living SBE-luc reporter mice treated with the excitotoxin KA correlated with several markers of neuronal injury and degeneration as well as with microglial activation. This finding indicates that Smad signaling can be used as a surrogate marker to quantify CNS injury in this model.
TGF-␤1 and activin previously have been reported to be expressed by neurons and glial cells and increased in response to a number of CNS injuries (9) . We show here that adult hippocampal neurons maintain constitutive activation of Smad2 (Smad2P), a downstream mediator of the TGF-␤ signaling pathway (Fig. 1) . In addition, luciferase activity in SBE-luc mice was by far highest in the hippocampus of all brain regions. These studies indicate that there is persistent signaling of TGF-␤s and/or activin in the hippocampus and implicate Smad2 in normal neuronal function. These data are consistent with findings in Smad2 knockout mice (heterozygous), which have spatial learning and memory deficits in the hippocampal-dependent version of the water maze, but their learning and memory in tasks that depend primary on amygdala function are normal. ¶ Neuronal Smad2 also was found to be prominently activated in response to stimulation with KA ( Fig. 1) , a glutamate receptor agonist that causes excitotoxicity. We cannot conclude from our studies whether this increase in signaling is a protective response or contributes to cell death, but earlier studies in TGF-␤1-deficient mice or in primary neurons derived from such mice suggest that TGF-␤ signaling and activation of Smad2 is neuroprotective (17). This does not rule out that TGF-␤ may signal via other pathways and regulate neuronal activity or survival. For example, KA can induce up-regulation of ALK1, an alternative TGF-␤ type I receptor used by endothelial cells (33) and neurons (34) , and signal via Smad1 (34) . It also is interesting that Smad2 activation is delayed in glial cells and not readily detectable 24 h after KA administration. It is possible, therefore, that injured neurons release TGF-␤s or activin, which in turn activate Smad signaling in glia.
Activation of luciferase in SBE-luc mice after KA correlated with Smad2P translocation to the nucleus, underlining that this reporter indeed measures Smad signaling. Furthermore, overall Smad2 activation 3 or 5 days after KA administration appeared to correlate with glial cell activation (Fig. 3 ). Therefore, we tested whether Smad signaling and activation of luciferase in reporter mice could be measured to predict neuronal injury and degeneration. Indeed, bioluminescence imaging in living mice showed that reporter gene activation correlates strongly with several markers of neuronal injury and degeneration as well as with microglial activation (Figs. 4 and 9-12 and Tables 1 and 2) . Treatment of mice with MK-801 prevented activation of the reporter gene in response to KA, consistent with a lack of neuronal injury in the postmortem analysis of these mice (Fig. 4) . We conclude that Smad2 signaling is a sensitive indicator of CNS injury in this model and can be used to monitor such injury and test potential neuroprotective drugs. Bioluminescence imaging has been used recently for the study of gene expression in transgenic mice that express luciferase reporter genes under control of various promoters or transcription factor binding sites (35) (36) (37) (38) . In the brain, bioluminescence has been used mainly to track and quantify luciferase-tagged tumor cells (39) (40) (41) (42) or to trace migration of neural progenitor cells (43, 44) . One study used glial fibrillary acidic protein (GFAP)-luciferase transgenic mice to demonstrate activation of the reporter after injury, but no correlation with neuronal injury or degeneration was demonstrated (38) . Reporter mice such as SBE-luc mice should be useful to carry out simple pharmacology studies, dose-testing, and assessment of blood-brain-barrier permeability. Notably, relatively small numbers of animals are sufficient to detect even small drug effects over time because each mouse serves as its own control.
In conclusion, we show here that the TGF-␤ signaling pathway, a key signaling pathway involved in multiple biological processes, is constitutively active in neurons and is activated after neuronal excitation and injury in vivo. Transgenic SBE-luc reporter mice for this pathway were used to study signaling and monitor pathway activation in living mice, and we demonstrate they can be used to rapidly test pharmacological compounds. Similar reporter mouse models could be engineered to respond to different cellular pathways and perhaps be used to monitor neural activity and other more complex physiological and behavioral responses.
Methods
Mice and Injury Models. Transgenic mouse lines T9-7F or T9-55F on the FVB/N genetic background harboring a SBE-luc transgene have been described (18) . This transgene consists of 12 SBE repeats fused to a herpes simplex virus/thymidine kinase minimal promoter upstream of firefly luciferase followed by a simian virus 40 late polyadenylation signal (18) . The mice are now available at The Jackson Laboratory (stock no. 005999; Bar Harbor, ME). Heterozygous, 2-to 3-month-old mice with detectable luciferase activity in tail biopsies [''responder'' mice (18) Cell Culture. Neuronal cortical cultures were prepared from fetal mice at embryonic days 15-16 as described (46) . Cells were cultured in DMEM supplemented with 2 mM glutamine, 5% horse serum, and 5% FBS. Cytarabine (Ara-C) was added 3 days after plating to inhibit nonneuronal cell proliferation. Five-dayold primary neurons were stimulated with recombinant TGF-␤1 (R & D Systems, Minneapolis, MN). Cells were harvested 16 h later and lysed in 100 l of 1ϫ Cell Culture Lysis Reagent (Promega, Madison, WI), and luciferase activity was measured with a luciferase assay kit (Promega) by using a tube luminometer (Lumat LB 9507; Berthold Technologies, Oak Ridge, TN).
Mouse neuroblastoma cells Neuro-2a (CCL-131; ATCC, Manassas, VA) were cultured in Eagle's minimum essential medium with 2 mM glutamine, 1.5 g/liter sodium bicarbonate, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, and 10% FBS (Invitrogen, Carlsbad, CA). To differentiate Neuro-2a cells, cells were maintained in Neurobasal media with 2 mM glutamine and 1ϫ N2 supplement (Invitrogen). Rat neuroblastoma cells B103 stably expressing wild-type human amyloid precursor protein and neomycin resistance gene (47) were cultured in DMEM with 2 mM glutamine and 10% FBS. Neuro-2a and B103 cells were transfected with the following plasmids: CMV-Flag-Smad2 (0.3 g per well), CMV-Flag-Smad3 (0.3 g per well), and CMVFlag-Smad4 (0.1 g per well; a kind gift from Rik Derynck, University of California, San Francisco, CA). In addition, Neuro-2a cells were cotransfected with SBE-Luc reporter plasmid (0.1 g per well) and CMV-TBR2 DN (dominant-negative TGF-␤ type 2 receptor, 0.3 g per well) to suppress the endogenous high basal TGF-␤ signaling in these cells. Luciferase activity was measured 16 h later as described above.
Immunoblotting. Differentiated Neuro-2a or B103 cells (1 ϫ 10 6 ) were harvested and lysed in 200 l of RIPA lysis buffer [500 mM Tris (pH 7.4), 150 mM NaCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1% SDS, and complete protease inhibitors (Roche Basel, Switzerland)]. Cell lysates (20 l) were mixed with 4ϫ NuPage LDS loading buffer (Invitrogen) and loaded on a 3-12% SDS/polyacrylamide gradient gel and subsequently transferred onto a PVDF membrane. The blot was incubated with rabbit polyclonal antibodies (1:500) against Smad2 (23) and a horseradish peroxidase-conjugated donkey anti-rabbit IgG as secondary antibody (Amersham Pharmacia Biotech, Piscataway, NJ). Protein signals were detected by using an ECL kit (Amersham Pharmacia Biotech).
Tissue Preparations. Mice were anesthetized with 400 mg/kg chloral hydrate (Sigma-Aldrich) and transcardially perfused with 0.9% saline. Brains were dissected, and one hemibrain was fixed for 24 h in 4% paraformaldehyde and cryoprotected in 30% sucrose. Serial coronal sections (40-m) were cut with a freezing microtome (Leica, Allendale, NJ) and stored in cryoprotective medium. One set of sections, representing different levels of the hippocampus, was used for each staining. The other hemibrain was dissected into hippocampus, cortex, thalamus, brainstem, and cerebellum. Each subregion was weighed and lysed in 100-400 l of 1ϫ Cell Culture Lysis Reagent (Promega). Correlation between bioluminescence and markers of neuronal injury and microglial activation. SBE-luc mice (T9-7F, n ϭ 11) lesioned with KA (20 mg͞kg, s.c.) were killed 5 days after treatment. Bioluminescence was recorded in living mice injected with luciferin (150 mg͞kg) before they were killed and is expressed as fold induction over baseline measured 1 day before KA administration. Neuronal injury was measured by quantifying cresyl violet staining, silver impregnation, and immunolabeling for synaptophysin, MAP-2, NeuN, and calbindin. Microglial activation was quantified from sections stained with CD68 antibody. These markers were quantified separately in hippocampus and cortex by using image analysis software, and the correlation between these markers and bioluminescence was assessed by Pearson correlation analyses. R, correlation coefficient; NA, not applicable; ND, not done. Table 2 . Correlation between bioluminescence and markers of neuronal injury and microglial activation SBE-luc mice (T9-55F, n = 11) lesioned with kainate (30 mg/kg, s.c.) were killed 5 days after treatment. Bioluminescence was recorded in living mice injected with luciferin (150 mg/kg) before sacrifice and expressed as fold induction over baseline. Neuronal injury was evaluated by silver impregnation and immunolabeling for synaptophysin, MAP-2, and NeuN. Microglial activation was revealed by immunolabeling for CD68 and astrogliosis by GFAP. These markers were quantified separately in hippocampus and cortex by using image analysis software, and the correlation between these markers and bioluminescence was assessed by Pearson correlation analyses. R, correlation coefficient; N.A., not applicable; N.D., not done.
